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Abstract 


A new scintillating fiber detector inside magnetic shielding tube was designed and assembled 
for use in the next round of fusion experiments in the experimental advanced superconducting 
tokamak to provide D-T neutron yield with time resolution. In this study, Geant4 simulations were 
used to obtain the pulse-height spectra for ideal signals produced when detecting neutrons and 
gamma rays of multiple energies. One of the main sources of interference was found to be low- 
energy neutrons below 10° MeV, which can generate numerous secondary particles in the detector 
components, such as the magnetic shielding tube, leading to high-amplitude output signals. To 
address this issue, a compact thermal neutron shield containing a 1 mm Cd layer outside the 
magnetic shielding tube and a 5 mm inner Pb layer was specifically designed. Adverse effects on 
the measurement of fast neutrons and the shielding effect on gamma rays were considered. This can 
suppress the height of the signals caused by thermal neutrons to a level below the height 
corresponding to neutrons above 4 MeV because the yield of the latter is used for detector calibration. 
In addition, the detector has relatively flat sensitivity curves in the fast neutron region, with the 
intrinsic detection efficiencies (IDEs) of approximately 40 %. For gamma rays with energies that 
are not too high (< 8 MeV), the IDEs of the detector are only approximately 20 %, whereas for 
gamma rays below 1 MeV, the response curve cuts off earlier in the low-energy region, which is 


beneficial for avoiding counting saturation and signal accumulation. 
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1 Introduction 


Currently, a commonly used approach for assessing the confinement of a particles in D-D 
fusion experiments is the indirect study of the behavior of tritons produced by D—D fusion in 
deuterium plasma [1]. In this approach, the measurement of 14 MeV neutrons generated by the 
t(d, n)a fusion reaction is one of the main study methods, and it has been used in tokamak 
experiments such as DII-D [2, 3], FT [4, 5], TFTR[6-8], JET [9-11], ASDEX [12], KSTAR [13- 
15], LHD[16-19], and JT-60U[20-22]. Among the existing D-T neutron measurement systems on 
EAST [23], the neutron activation system (NAS) [24], which has been established in recent years, 
currently uses silicon samples as activation materials and the 78Si (n, p)?8Al reaction with a 
threshold of 4 MeV to measure the neutron yield of D-T fusion. Although the NAS does not have 
time resolution, the absolute yield provided is usually used for calibrating other neutron diagnostic 
systems. By comparison, the existing 4H-SiC detector [25] can provide real-time monitoring of 
D-T neutrons in theory; however, it may not perform at its full capacity in cases of low D-T 
neutron yield in deuterium plasma, owing to its small size and low detection efficiency. The newly 
developed plastic scintillating fiber (Sci-Fi) detector [26] has a larger sensitive size, and its fast 
response leads to good time resolution; therefore, it is more suitable for the current situation of 
experimental advanced superconducting tokamak (EAST) and will be used in the next round of 
experiments. Because of its special structure, the Sci-Fi detector can effectively suppress the pulse 
signals caused by gamma rays to achieve particle resolution between neutrons and gamma rays by 
setting a threshold. Because the recoil-proton energy is proportional to the energy of the incident 
neutron, neutrons with different energies can also be identified by setting different thresholds. For 
the above reasons, the influence of the surrounding radiation on the Sci-Fi detector is generally not 
specifically investigated because the heights of the pulse signals generated by X/y-rays and 
thermal neutrons in the environment are considered negligible compared to those of the 14 MeV 
D-T fusion neutrons. 

To reduce the interference of electromagnetic pulses on the photomultiplier tube (PMT), the 
Sci-Fi detector to be used on EAST will be securely housed within a magnetic shielding tube 
made of permalloy. As this tube also interacts with incident particles in an environment with high 
neutron and gamma-ray fluxes, the detection effect of the complete detector model (including the 
magnetic shielding tube) on neutrons and gamma rays of different energies should be tested. 
Referring to the neutron capture cross-sections of Ni, Fe, and other elements in permalloys [27], it 
is foreseeable that thermal neutrons of low energy but extremely high flux will become the main 
interfering particles. This is because the proximity of the magnetic shielding tube to the Sci-Fi 
detector and the secondary particles produced by the neutron capture reaction may have a 
significant influence on the detector. The design of thermal neutron shields for Sci-Fi detectors 
operating on TFTR and the JT-60U has already been performed by their team. In this study, the 
Monte Carlo method [28] was applied to simulate the output pulse height spectra of the detector to 
be used on EAST, and to guide the design of the radiation shield. In addition, the energy-response 
characteristics of the new model are discussed. 


2 Sci-Fi Detector Model 


The Sci-Fi detector intended for use on EAST was designed to suit a specific radiation 
environment, and its structure is presented in Fig.l. The Sci-Fis are embedded and fixed in the 
substrate of the detector head with a polished aluminum foil placed at the front end to serve as a 
light reflection layer. The plastic Sci-Fi model used in this detector is based on the Kuraray SCSF- 
78M [29] and has a 1 mm diameter with a double-cladding structure to reduce scintillation photon 
leakage and increase light transmission efficiency. To avoid the scintillation photons emitted from 
the Sci-Fis focusing on a small range on the photocathode, a light guide is employed to connect the 
ends of all Sci-Fis to the PMT and disperse the photon output by each fiber to a larger area. The 
insulated light guide can also avoid direct contact between the substrate of the metal material and 
the end face of the PMT, which may cause the latter to fail to apply a high voltage normally. To 
ensure a uniform minimum spacing between adjacent fibers, the Sci-Fis were multistacked in a 
trefoil shape. The incident neutrons entering the core layer of Sci-Fis deposit energy by ejecting 
recoil protons through elastic scattering with hydrogen atoms. Therefore, the maximum number of 
produced scintillation photons and the maximum height of the pulse signals finally output by the 
PMT are positively correlated with their energies. By contrast, incident gamma photons undergo 
Compton scattering and a low-probability electron-pair effect in the fiber, generating numerous 
electrons and a few positrons. The substrate between the Sci-Fis can reduce the escape of these 
secondary particles from the first fiber, where they are produced, to adjacent fibers. Compared to 
the secondary electron, the recoil proton has a greater energy loss per unit path length (dE/dx) and 
can easily deposit energy in the first fiber, resulting in different energy deposition efficiencies 
between the neutrons and gamma rays in Sci-Fis. This is why the Sci-Fi detector has good n/y 
resolution. Therefore, in an ideal case, the resolution of n/y particles or neutrons of different energies 
can be achieved by setting a reasonable threshold for the signal amplitude. 

In our previous study, we used a 14 MeV neutron source corresponding to D-T fusion neutrons 
and a 15 MeV gamma-ray source to optimize the material and structure of the Sci-Fi detector, so 
that its relative n/y resolution and intrinsic detection efficiency (IDE) could meet the requirements 
of D-T neutron detection on EAST. The results demonstrated that a 5 cm probe head made of pure 
aluminum, in which 463 Sci-Fis were embedded with the same length of 5 cm and a minimum 
distance of 2 mm between their centers, was the optimal design scheme [26]. In this study, we further 
tested the detector made based on the above conclusions to determine its response characteristics to 
neutrons and gamma rays of multiple energies. It should be emphasized that the magnetic shielding 
tube made of permalloy is considered a part of the Sci-Fi detector system and was included in all 
models in both previous study and the current study. 
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Fig.1 Structure of the Sci-Fi detector (with the magnetic shielding tube). 
3 Simulation and Evaluation Criteria 


Geant4 [30] is a toolkit that uses the Monte Carlo method to simulate the passage of particles 
through matter. The version used in this study was 10.5.1, and the physical list and other optical 
settings were the same as those in [26]. The effective attenuation length of the fiber core for the 
scintillation photons was determined based on [31]. During the EAST experiment, gamma rays 
around the device were typically concentrated in the energy range below 3 MeV [32]. However, the 
use of neutral beam injection (NBI) cannot be ignored, which is one of the major auxiliary heating 
methods on EAST and plays an important role in plasma confinement [33-36]. Considering the very 
few gamma rays with energies above 10 MeV during the discharges when the NBI is in high-power 
operation, the maximum energy of the gamma-ray source used in the simulations was set to 15 MeV. 
For neutrons, we used 14 MeV as the highest energy to simulate those produced by the D-T fusion 
reaction and 2.45 MeV for the D-D fusion neutrons. In the energy range above 1 MeV, the particle 
source energy of the same group of simulation experiments varied at 1 MeV intervals and decreased 
exponentially below 1 MeV. The number of emitted source particles was set as 2 x 108 to ensure 
reliable calculation results. 

To simplify the model and improve its computational efficiency, the Sci-Fi detector models for 
the Geant4 simulation excluded the PMT part. As the signal amplification process in the PMT is 
essentially linear, we used the number of scintillation photons emitted from the rear end of the light 
guide during an event (i.e., the entire simulation process caused by one source particle) to 
characterize the height of the ideal final pulse signal. Therefore, the threshold of the signal amplitude 
set for discriminating incident neutrons and gamma rays of different energies was converted into 
the threshold of the maximum number of photons output by the light guide during an event. It must 
be noted that the pulse signal, in reality, has a time length; thus, pulse integral spectra is often used 
as well as the pulse height spectra. In addition, as the use of absolute counts results in errors between 
different groups of simulations, normalized relative counts were used in this study. The baseline was 
the maximum number of photons produced by a 4 MeV neutrons output in an event, corresponding 


to the maximum height of all signals they can produce. This choice was made to facilitate 
comparison and calibration using NAS because the energy threshold of the 7*Si (n, p)?8Al reaction 
occurring in the silicon samples was 4 MeV. The normalized ratio was abbreviated as Hmay ratio 
and used as a parameter to evaluate the detector's resolution for n/y particles or neutrons of different 
energies. The formula is as follows: 

Hmax ratio = _ Amari = _Nmaxt 

max,n(4MeV) N max,n(4MeV) 

where Hmaxn(4mev) denotes the maximum height of the pulse signals when the source particles 
are 4 MeV neutrons, and Nmaxn(amev) denotes the maximum count of scintillation photons output 
from the rear end of the light guide in an event when the source particles were the same; in contrast, 
Hmaxi and Nmax, correspond to the case when particle sources of different types or energies are 
used. 

In addition, the detection efficiency (DE) and intrinsic detection efficiency (IDE) were tested 
to characterize the sensitivity of the detector to neutrons and gamma rays of different energies. The 
energy response curve of the detector is presented in this paper. The DE was calculated using the 
following formula: 

ae Neff _ Nout 
Nintotal Nin front 
The IDE was characterized by the following formula: 


IDE = Neff _ Nout 


Ninett Ninfib + Ninsup 

where Neff denotes the number of events that generate the output signal; Nin totar, Which is also 
called Nin front, denotes the number of events with source particles entering the complete detector 
model from the front; Nout denotes the number of events with photons exiting from the end of the 
light guide; and Nin,eff denotes the number of events in which the incoming source particles enter 
the probe head, which can be divided into two parts, Nin sip and Nin.sup. The former denotes the 
number of events in which particles enter the Sci-Fis, whereas the latter denotes the number of 
events in which the particles only enter the probe head substrate and do not enter the fibers. 


4 Simulation Results 


The reliability of the detector model was confirmed by comparing the Geant4 simulation results 
with the experimental data, as depicted in Fig.2. The simulation of °*Cf accounted for the effects 
of both neutrons and gamma rays, whereas the simulation of !3’Cs was substituted with a 0.662MeV 
gamma-ray source. Based on the activity, yield, and measurement time of each radioactive source, 
the counts obtained from the experiments and simulations were converted based on the experimental 
measurement results of 7°°Cf, to presented in the same figure. 
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Fig.2 (a) Experiment and (b) simulation of the Sci-Fi detector. (c) Comparison of the Geant4 simulation results of 
the detector model and experimental results. The yellow dotted baseline represents the case where the count 


reached 10 in the simulation results. 


4.1 Hiya, ratio of different particle sources 


To reduce accidental errors, a new horizontal baseline similar to that used in [26] was selected 
when counting the maximum heights of the output pulse signals caused by different particle sources. 
This implied that only data points with a corresponding count of 10 or more were considered. In 
addition, to reduce subjective errors further, the pulse height spectra were smoothed based on the 
CERN ROOT framework [37]. 

The Sci-Fi detector exhibited a significant difference in the Hq, ratio of the neutron and 
gamma-ray sources, as shown in Fig.3. Note that the Hmaxi/Hmaxm(4mev) is used to represent the 
Hmax ratio, and i represents the type and energy of the particles corresponding to the color of the 
curve and coordinates on the horizontal axis, respectively. Cold neutrons of extremely low energy 
(< 10° MeV) are rare, and their corresponding data points serve only as a reference. The response 
curve of the maximum pulse height of gamma rays displays good linearity, whereas the neutron 
response curve exhibits nonlinear characteristics in both the low-energy and high-energy regions. 
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Fig.3 Ratio of the maximum height of the output signals produced by neutrons and gamma rays of different 
energies (Hmax i) in the Sci-Fi detector to the corresponding maximum height of the 4 MeV neutron 


signals (Hmaxn(amev)). The two subgraphs are presented in the (a) logarithmic and (b) linear coordinates. 


The measurement effect of the Sci-Fi detector on neutrons above 10 MeV may be affected by 
the size of the Sci-Fi. Because the energy of the recoil proton is positively correlated with the energy 
of the incident neutron, the higher the energy of the recoil proton, the less likely it is to deposit all 
energy in only the 1 mm diameter fiber. Consequently, the response curve of the detector to neutrons 
in this energy range exhibits gradual nonlinearity. 

The abnormal Hyg, ratio curve of the neutrons in the low-energy region can be attributed to 
the impact of numerous secondary particles generated by incident neutrons in the magnetic shielding 
tube, such as high-energy gamma rays, and, to a lesser extent, to the effect of secondary particles 
generated in the detector shell and substrate. The capture reaction cross sections of the permalloy 
and pure aluminum increased with decreasing neutron energy, resulting in a significant increase in 
the maximum signal height in the low-energy region. The black horizontal line in Fig.3(a) represents 
the Hmaxnamev): It can be observed that when the energy of the neutron source is within the range 
corresponding to the yellow box, the Hmax, of the incident neutrons can reach a level similar to 
that of fast neutrons. Considering the high thermal neutron flux around EAST during operation, this 
abnormality in the Hyg, ratio curve can adversely affect the D-T neutron resolution of the Sci- 
Fi detector, which is mainly reflected in the following aspects: 

1. The pulse signals generated by neutrons above 4 MeV in the detector may be confused 

with signals from low-energy neutrons, which can cause large errors in the calibration 
according to the NAS. 


2. Dense thermal neutron signals may saturate the detector, causing stacked signals and 

resulting in distortion of the measured energy spectra. 

The gamma rays around EAST were mostly concentrated in the low-energy region, and their 
pulse signals did not exceed Hmaxn(amev)- However, there are still a small number of gamma rays 
above 2 MeV, which can interfere with D-T neutron discrimination, as shown in Fig.3(b). Although 
this situation occurs with a low probability (e.g., less than 1 % of the 2 MeV gamma rays produce 
signals higher than H max n(4mev)), it is necessary to shield these high-energy gamma rays. Currently, 
a commonly used method is employing a large external shield made of heavy metals such as lead 
(Pb) or tungsten (W), which was not considered in this study because of its excessively large volume 
and weight. In contrast, a compact shield for low-energy gamma rays and neutrons, particularly 
thermal neutrons, which is small and can be combined with the magnetic shielding tube, was 


designed in this study. 
4.2 Design of the Thermal Neutron Shield 


Thermal neutrons should be shielded outside the magnetic shielding tube to avoid interactions 
with the permalloy. The commonly used absorbing materials are boron (B) and cadmium (Cd), 
which have high reaction cross-sections for thermal neutrons. Cd is preferred because of its higher 
density and volume limitation of the detector system. Cd with a thickness of 1 mm has a good 
absorption effect on thermal neutrons and was therefore used directly in this study. For the numerous 
gamma rays generated by the neutron capture reaction and subsequent B rays, they should also be 
prevented from entering the head of the Sci-Fi detector. Pb and W are suitable shielding materials 
and both have high densities. Here Pb was used as a secondary shield (inner shield) located in the 
magnetic shielding tube to reduce the overall weight. Fig.4 illustrates the Hyg, ratio curve of the 
complete detector models when thermal neutron shields consisting of a 1 mm outer Cd layer and an 
inner Pb layer of four different thicknesses were used. Note that the red dotted line represents the 
Hmaxn(4Mev), and “shield” in the legend of Fig.4, and the subsequent figures refers to the thermal 


neutron shield only. 
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Fig.4 Effect of thermal neutron shield composed of 1 mm outer Cd layer and inner Pb layer of several thicknesses 
on Hmax ratio of low-energy neutrons. 

As shown in Fig.4, a thermal neutron shield with an inner Pb-layer thickness of 1 mm can 
effectively reduce the maximum height of the pulse signals generated by thermal neutrons of most 
energies to an ideal level. However, for some neutrons of slightly higher energy (~ 10° MeV), this 
design can even lead to higher-amplitude output signals, which may be related to the absorption 
effect of the Cd layer outside the magnetic shielding tube on the neutrons. As the neutron energy 
increases, the capture cross-section of Cd in the low-energy range decreases, resulting in an 
insufficient capture capacity for neutrons above and near 10°° MeV; therefore, residual neutrons may 
produce extra secondary particles in the inner Pb layer. At the same time, the 1 mm Pb layer could 
not sufficiently shield the gamma rays generated by the neutron capture reaction in this case. The 
combined effects of these factors resulted in the peak of Hq, ratio being observed at 10% MeV. 

Increasing the thickness of the Cd layer has little effect on this issue, whereas thickening the 
inner Pb layer could address this problem. When the inner Pb-layer thickness was increased to 5 
mm, the Hmaxi of the neutrons in the low-energy range was suppressed below Hmax,n(amev), and 
the peak height at 10°° MeV was reduced to an acceptable level. A thicker inner Pb layer results in 
a further reduction in the peak height, thus enhancing the resistance of the detector to low-energy 
neutron interference. However, the also enhanced shielding effect on incident fast neutrons is 
detrimental to D-T neutron measurement and increases the volume and weight of the shield. 
Therefore, considering the space constraints around EAST, a thermal neutron shield design scheme 
with an outer 1-mm Cd layer and inner 5-mm Pb layer was selected. If the thermal neutron flux in 
the environment is excessively high, the shield thickness may need to be appropriately increased. 

Simulation studies evaluated the impact of the thermal neutron shield on the pulse height 


spectra of the Sci-Fi detector when measuring fast neutrons and gamma rays; the resulting statistics 
of Hmax ratio are shown in Fig.5. Note that the data points corresponding to extremely low- 
energy (< 10° MeV) neutrons were used for reference only. For gamma rays with energies greater 
than 2 MeV, the shield can reduce the Hing, ratio by 8.95 % on average. In addition, the minimum 
energy corresponding to the Hmax ratio curve of gamma rays is cut off an order of magnitude 
earlier (Fig.5(a)) because lower-energy gamma rays are easily absorbed by the Pb layer and cannot 
enter the sensitive volume of the detector. Consequently, the Sci-Fi detector has a better ability to 
suppress gamma-ray signals when the thermal neutron shield is used; however, this effect is mainly 
reflected in avoiding count saturation and signal accumulation. Gamma rays above 2 MeV can still 
produce high-amplitude signals; therefore, shielding against high-energy gamma rays in the 
environment may be the key to further improving the D-T neutron discrimination capability of the 
Sci-Fi detector in actual use. When the incident particle is a neutron, the thermal neutron shield also 
causes a decrease in the Hyg, ratio. The average decrease was 4.56 % for fast neutrons above 4 
MeV and 31.16 % for low-energy neutrons below 105 MeV. The shield unavoidably affects D-T 
neutron detection. As the thermal neutron flux is generally much higher than the fast neutrons in the 
neutron energy spectra during EAST operation, using a suitable thickness of the thermal neutron 
shield is reasonable. 
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Fig.5 Effect of a thermal neutron shield composed of a 1 mm outer Cd layer and a 5 mm inner Pb layer on the 
Hmax ratio of incident neutrons and gamma rays with different energies. The two subgraphs are presented 
in the (a) logarithmic and (b) linear coordinates. 

In addition, the number of pulse signals higher than Hmaxncamev) generated by incident 
neutrons and gamma rays of different energies was counted. The results reveal that using the thermal 
neutron shield reduces the number of eligible signals for gamma rays above 2 MeV by 29.71% and 
for low-energy neutrons below 10° MeV by 74.07%; however, for fast neutrons above 4 MeV, the 
loss ratio of effective signals is only 8.59 %. This indicates that the effect of the thermal neutron 
shield is acceptable from this perspective. 


4.3 Energy Response of the Sci-Fi Detector 


Figure 6 illustrates the DEs of the Sci-Fi detector model for neutrons and gamma rays with 
different energies, along with the response curves of the new complete model that includes the 
thermal neutron shield. The detector exhibited a relatively flat response curve to fast neutrons 
compared to gamma rays and low-energy neutrons. Still using the DE for 4 MeV neutrons as a 
baseline, when the energy of neutron source rises to 14 MeV, the DE of the complete detector model 
using the thermal neutron shield is reduced by 11.80 %, whereas the DE of the case not using the 
shield is reduced by 17.60 %. This reduction may be related to the neutron reaction cross sections 
of elements such as hydrogen (H). Note that the flat response curve of the Sci-Fi detector to fast 
neutrons is advantageous for D-T fusion neutron measurement on EAST because the neutrons 
emitted from the plasma may be scattered multiple times and lose energy in the surrounding 
environment, and these processes cannot be predicted. At present, the detector uses the same 
calibration factor for the measurement of neutrons above 4 MeV; therefore, it is crucial to ensure 


that the sensitivity of the detector to these neutrons is approximately equal. In addition, as more 


202308.00143v1 


chinaXiv 


accurate measurements may be required in the future, the response curves obtained in this study can 


be used as a reference to set independent calibration factors for each energy range. 
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Fig.6 DEs of the Sci-Fi detector with and without a thermal neutron shield. The two subgraphs are presented in the 
(a) logarithmic and (b) linear coordinates. 

Fig.6(a) shows that the Sci-Fi detector had high DEs for neutrons in the energy range of 10°— 
1 MeV. However, as the signal acquisition system on EAST typically employs a low threshold to 
prevent the acquisition of useless but numerous low-amplitude signals, we computed the DEs 
additionally when a low threshold was set and present the results in Fig.7. In this case, the DEs of 
the entire detector system for the 103-1 MeV neutrons were significantly suppressed. Therefore, 
the signal acquisition threshold is an important factor affecting the detection performance of the Sci- 
Fi detector in practice. 
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Fig.7 DEs of the Sci-Fi detector system for neutrons of different energies when a low signal acquisition threshold 
was applied. 

In addition, the complete detector models with and without the thermal neutron shield 
exhibited lower DEs for neutrons and gamma rays than expected. This is because the magnetic 
shielding tube is regarded as a necessary component of the Sci-Fi detector system. Thus, the 
statistical Nin, front is based on the front surface of the magnetic shielding tube. In fact, the 
diameter of the detector head is only half that of the magnetic shielding tube; therefore, the number 
of incident source particles entering the detector head is much smaller than that of Nin front» 
resulting in lower DEs. Scattering of incident particles by the magnetic shielding tube may also lead 
to lower DEs at the same time. To avoid these effects, the IDE was used as another evaluation 
criterion for the detection effect, as shown in Fig.8. In addition, the particles entering the detector 
head include not only the source particles but also some secondary particles generated in other 
components, such as the magnetic shielding tube and thermal neutron shield. 

The total number of these events is expressed as Nin(aup),er¢, Which includes the Niners that 
has been defined in this paper. The latter can also be written as Nin(srcp),ef¢ to make a distinction. 
When the neutron source was used, the Ninsrcp),e¢¢ Was converted to Nin¢srcn),ef¢; Meanwhile, 
the events in which only secondary particles entered the detector head were contained in 
Nincaup),eff- It is important to emphasize that the output signals produced by these secondary 
particles alone cannot reflect the true states of the source neutrons and are considered to interfere 
with neutron measurement. In contrast, only when the incident particles entering the detector head 
contained neutrons were events required for neutron detection. The proportion of Nin(sren),eff 1 
Nincaup),eff is Shown in Fig.8 to characterize the influence of secondary particles generated by 
source neutrons. The low proportion indicates that most of the output signals may be caused by 
secondary particles generated in the outer components of the complete detector model, such as the 
thermal neutron shield and magnetic shielding tube, rather than by source neutrons. 
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Fig.8 Left axis: IDEs of the Sci-Fi detector for incident neutrons and gamma rays of different energies. Right axis: 
proportion of the Nin¢srcw),eff tO Ninçaup),eff. The two subgraphs are presented in the (a) logarithmic and 
(b) linear coordinates. 
The IDE can better reflect the performance of the detector itself than the DE, without being 
affected by the particle source or outside environment. As shown in Fig.8, the Sci-Fi detector 
exhibits high sensitivity to the source particles that enter the detector head. The IDE for fast neutrons 


is as high as 40 %, whereas for gamma rays of not quite high energy (< 8 MeV) around the EAST 
device, the IDE is typically approximately 20 %. Note that the IDE curve for low-energy gamma 
rays is truncated at less than 0.1 MeV owing to the inability of such rays to penetrate the magnetic 
shielding tube; however, with the inclusion of the thermal neutron shield and owing to the presence 
of the inner Pb layer, the cutoff occurs an order of magnitude earlier. 

In addition, Fig.8(a) shows that the IDE curve of the neutrons exhibits an upward trend when 
the energy is less than 10° MeV. To clarify this, the statistics on Nin(srenyef¢/Nincaup)eff indicate 
that, when the energy of the neutron source is excessively low (< 10° MeV), the signals output by 
the Sci-Fi detector may be partly or fully produced by secondary particles rather than source 
neutrons. This phenomenon is more evident when a thermal neutron shield is employed. The pit on 
the IDE curve when the source neutron energy is 104 MeV may be due to the resonance absorption 
of neutrons in the Cd layer. Additionally, the Nin¢srcw),e¢f/Nincaup),eff Values in Fig.8(b) are only 
approximately 70 % in the fast neutron region, which implies that some of the fast neutron signals 
detected by the Sci-Fi detector are also caused by secondary particles. These signals are typically 
low in amplitude and may, therefore, be the reason for the reduced DEs of fast neutrons when the 
signal acquisition threshold is set, as shown in Fig.7. Meanwhile, the value of Nincsrcny,ef¢/ 
Ninaup),eff Was slightly higher when the thermal neutron shield was used. These two factors may 
have contributed to the phenomenon: 

1. The enhanced scattering of incident neutrons by the thermal neutron shield led to an 

increase in Nin(sren),ef f3 

2. The absorption of secondary particles by the inner Pb layer of the thermal neutron shield 

reduces the number of events in which only secondary particles enter the detector head in 
NincallP),ef f- 
5 Conclusion 


The new Sci-Fi detector inside the magnetic shielding tube was designed and assembled, and 
will be used in the next round of fusion experiments on EAST to provide D-T neutron yield with 
time resolution. The selection of appropriate amplitude thresholds for the output signals is the basis 
for a Sci-Fi detector that realizes D-T neutron discrimination. To coordinate and calibrate with the 
existing NAS, the maximum height of the interfering particle signals should be lower than that of 
the signals corresponding to 4 MeV neutrons. In this study, the pulse height spectra of the signals 
produced when neutrons and gamma rays of multiple energies entered the complete detector models 
were obtained using the Geant4 simulation. Low-energy neutrons below 10° MeV and gamma rays 
above 2 MeV were the primary sources of interference owing to their high-amplitude output signals. 
Further simulations with and without the magnetic shielding tube revealed that the secondary 
particles generated by low-energy neutrons in the tube were a significant factor leading to this 
phenomenon. To address this issue, a compact thermal neutron shield containing a 1 mm Cd layer 
outside the magnetic shielding tube and a 5 mm inner Pb layer was specifically designed. It can 
effectively suppress the output signals caused by thermal neutrons to the target level. Moreover, its 
adverse effects on the measurement of neutrons above 4 MeV and shielding effect on gamma rays 
above 2 MeV were evaluated as relatively acceptable. In addition, energy response studies with and 
without the thermal neutron shield in the Sci-Fi detector model revealed that, in both cases, the 
detector had relatively flat sensitivity curves in the fast neutron region, and the IDEs were 
approximately 40 %. For gamma rays of not quite high energy (< 8 MeV), the IDEs of the detector 
were only about 20 %, indicating that the difference of IDEs between neutrons and gamma rays was 
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also a contributing factor in achieving good n/y resolution of the Sci-Fi detector. The low-energy 
gamma rays were blocked by the inner Pb layer of the thermal neutron shield, resulting in an earlier 
cutoff of the detector’s response curve to gamma rays in the low-energy region, which was beneficial 
for avoiding count saturation and signal accumulation. The study also found that shielding high- 
energy gamma rays in the environment may be the key to further improving the D-T neutron 
discrimination capability of the Sci-Fi detector in actual use. 
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